Introduction
Minerals constructed from metal octahedra and oxoanion tetrahedra have a variety of applications including as battery electrodes [1] [2] [3] [4] [5] [6] [7] , fuel cell materials [8] [9] [10] [11] [12] [13] , medical applications [14] , [15] and pigments [16] . Many such mineral systems are hydrated, and in such systems hydrogen bonding also contributes to the bonding between the octahedral and tetrahedral units. One system that has attracted recent interest is Na 2 Fe(SO 4 ) 2 ·2H 2 O which has been investigated as a potential electrode material for Na ion batteries 2 . This material adopts the Kröhnkite structure (monoclinic cell), named after the mineral of that name, to also adopt the Fairfieldite structure [18] .
The structures of both consist of 3-dimensional networks composed of metal octahedra corner sharing with sulfate/selenate tetrahedra, with chains of M(S/SeO 4 ) 4 (H 2 O) 2 along the c-axis and the space between these chains occupied by the sodium ions (Fig. 1) . Additional stabilisation results from the hydrogen bond network which creates a pseudo-layered structure. A key difference between the two structures is in terms of the H bonding network that links the layers: in the monoclinic Kröhnkite structure, two oxygen atoms in the sulfate tetrahedra participate in the network, while in the triclinic Fairfieldite structure, only 1 of the oxygen atoms in the tetrahedral unit is involved in the hydrogen bond network. This change also affects how the layers stack. In the monoclinic Kröhnkite structure, the layers are related by a rotation and then a translation, whereas in the triclinic Fairfieldite structure, the layers are linked through translation. The structures also differ in their sodium site connectivity; in the monoclinic structure the sodium sites are connected through a mixture of corner and edge sharing, while in the triclinic structure, the sites are all edge sharing.
Although previous literature has focused purely on the identification and characterization of these endmember systems, research on solid solutions based on combinations of both sulfate (M(II) = divalent metal, M(III) = trivalent metal) [23] .
Sample purity and unit cell parameters were determined from powder X-ray diffraction using a Bruker D2 phaser (Co Kα radiation) and a Bruker D8 (Cu Kα radiation) operating in reflection mode. Rietveld refinements were carried out using the GSAS suite of programs. [24] , [25] The starting structural models used for these materials were based on the structures reported for Na and Pale blue (Cu).
Depending on the metal cation employed to form the framework, the X-ray diffraction patterns show that two possible structures are observed through the dissolution/evaporation method employed (Fig. 2 ). For Mn, Fe, Co and Cu, the Na 2 M(SO 4 ) 2 ·2H 2 O phase crystallizes in the expected monoclinic Kröhnkite structure. However, when the metal ion is nickel, i.e. Na 2 Ni(SO 4 ) 2 ·2H 2 O, the material adopts the triclinic Fairfieldite structure. As noted in the introduction, the structures both form 3-dimensional networks composed of metal octahedra corner sharing with sulfate tetrahedra, with chains of M(SO 4 ) 4 (H 2 O) 2 along the c-axis and the space between these chains occupied by the sodium ions, with a key difference being in terms of the H bonding network that links the layers (Fig. 1 ). This network, and so changeover in structure, may be influenced by the size of the transition metal. In this respect it is interesting to note that the triclinic structure is only observed for the smallest transition metal ion (Ni) A list of successfully synthesized selenate doped materials and the lattice parameters for these phases can be found in Tables 1-4 (when a composition yielded a biphasic sample, a two phase refinement was attempted to quantify the amount of each phase present) (Rietveld refinement profile fits are given in supplementary information).
The resulting material obtained was found to be dependent on the metal ion selected and level of selenate substitution attempted. In the case of M=Mn, there was no change in structure, with all compositions in the range of x = 0.1-1.0 retaining the monoclinic structure. For
M=Fe samples, the monoclinic structure is again preferred for low level selenate incorporation. However, for 0.5≤x<0.75, a bi-phasic (monoclinic and triclinic) mixture is observed. Increasing the selenate concentration further to x ≥ 0.75 results in a single phase material with the triclinic structure (Fig. 3 ). For the Co analogue, similar results were observed, albeit with a lower level of selenate (x=0.5) required to form the pure triclinic phase. For M=Cu, the results were also similar to the Co based system with compositions with x≥ 0.5 being phase pure triclinic structure.
For M=Ni, for which the sulfate endmember phase already adopts the triclinic structure, substitution of the sulfate for selenate readily occurs even at low dopant levels leading to a complete solid solution for the range of samples investigated (0≤x≤1) (Fig. 4) .
Cell parameter data for all solid solution series show that Vegard's law is obeyed across the series, with increasing cell parameters on increasing selenate content as expected, due to the larger size of selenate versus sulfate.
The change in structure from monoclinic to triclinic for M=Mn, Co, Fe is most likely related to changes in the strength/nature of H-bonding caused by the introduction of selenate, leading to changes in the relative stabilities between the two structures. In the prior section on the sulfate series, Na 2 M(SO 4 ) 2 ·2H 2 O, it was noted that the triclinic structure was formed only for the smallest transition metal, Ni. Considering the selenate doping results, both Co and Cu, which are the next smallest ions (and have similar ionic radii to one another), display a changeover from monoclinic to triclinic at a similar selenate content. For M=Fe, which has a larger ionic radius, a higher selenate content is required, while no changeover was observed for M=Mn (the largest divalent ion) for the selenate doping level examined in this report.
Furthermore no changeover in structure was reported for the endmember selenate phase, Na 2 Mn(SO 4 ) 2-x (SeO 4 ) x ·2H 2 O prepared in a previous study 18 . Thus it appears that doping the larger selenate in place of sulfate is improving the stability of the triclinic structure for the smaller transition metals.
X-ray diffraction data for Na 2 M(SO 4 ) 2-x (PO 3 F) x ·2H 2 O (M= Mn, Fe, Co, Ni and Cu)
For M=Co, Cu, similar to the results for selenate doping, the monoclinic structure is not retained when doped with fluorophosphate. Instead, the X-ray diffraction data indicate that there is a structural change to the triclinic (Fairfieldite) struture (Fig 5) . In this case, however, the change in structure is observed even at the lowest level of PO 3 F 2-doping (x=0.1)
examined.
This change in structure is most likely a result of the effect of PO 3 F 2-altering the relative stabilities of the two (monoclinic vs triclinic) structures, through the PO 3 F 2-group disrupting the H-bonding network, since covalently bound fluorine is well known to rarely participate in intermolecular hydrogen bonding. [27] , [28] . This disruption of the H-bonding network by the fluorophosphate could be associated with the the fluorine within the PO 3 F 2-unit pointing towards the network, since two O atoms from the tetrahedra are involved in H-bonding for the monoclinic (Kröhnkite) structure, while only one O is involved for the triclinic (fairfieldite) structure, so the presence of PO 3 F 2-may improve the relative stability of the latter. The cell parameters of the phases obtained after substitution (Tables 6 and 7) have been plotted against fluorophosphate concentration (Fig. 6 ). In the case of Co, very little change is observed in the cell volume after the phase has adopted the triclinic structure. The Cu system, however, does show a small cell volume increase with increasing fluorophosphate concentration.
For the larger Fe 2+ system, the PO 3 F 2-doping was not sufficient to cause the monoclinic to triclinic structural change. Rather, in this case, low levels of fluorophosphate led to the peaks in the resultant diffraction pattern exhibiting a wide range of peak widths, with some peaks remaining sharp while others broadened with increasing fluorophosphate concentration (Fig   7. ). This peak broadening suggests a degree of local disorder within the structure, although on initial inspection, a single axis does not appear to be greatly affected. Greater evaluation of the Bragg reflections show that planes which intersect the hydrogen bond network or cut the corners of the tetrahedra appear to be the most affected with increasing fluorophosphate content. Planes which bisect the octahedra or tetrahedra without cutting through the network appear to be the least affected. This suggests that fluorophosphate has successfully doped into the system and is disrupting the hydrogen bond network. This proposed disruption is also supported by the fact that only low levels (x≤0. show the appearance of a set of broad peaks in the region of 800-900 cm -1 which increase in intensity with selenate content (Fig. 8) . These peaks can be assigned to the ν 1 and ν 3 modes of Se-O in SeO 4 . [29] Of note also is the small shift to decreasing wavenumber of the peak due to the ν 1 S-O mode. This shift suggests that sulfate and selenate occupy the same site and the strain on the system is reflected in the weakening of the S-O bond with increasing selenate concentration.
Raman data for Na 2 M(SO 4 ) 2-x (PO 3 F) x ·2H 2 O (M= Fe, Co and Cu)
The data for the monoclinic and triclinic phases appear to be very similar with the main difference originating from bands which can be assigned to asymmetric modes. Both spectra show the ν 1 S-O symmetric stretch band associated with (SO 4 ) 2- . The sulfate tetrahedra in both structures behave as a bidentate ligand by bridging the metal octahedra along the c-axis. This bonding leads to a splitting of the observed Raman peaks due to a reduction in symmetry of the oxoanion tetrahedra. [30] For M=Fe, when comparing the data for the undoped material with compositions containing a low level of fluorophosphate, a very weak peak at ~1030cm -1 appears to grow in intensity (this band can be identified on the shoulder of the ν 1 S-O band). The slight growth in intensity of the peak may pertain to the vibrational mode which corresponds to the ν 2 symmetrical stretch of the PO 3 unit within the PO 3 F 2-group (Fig. 9) . [31] [32] [33] Additional vibrations in the region of 1100-1200cm -1 also suggest a reduction in symmetry of the oxoanion unit. For M=Co and Cu, the spectra resulting from the fluorophosphates doped materials matched that which was obtained for the undoped Na 2 Ni(SO 4 ) 2 ·2H 2 O material which naturally adopts the triclinic structure (Fig. 10 ).
This confirms that both of these materials have adopted the triclinic structure, however, the ) to cause a change in structure from the monoclinic (Krohnkite) to the triclinic (fairfieldite) structure, highlighting the potential of such a doping strategy to manipulate the structures of transition metal containing sulfate systems. Note: M = Monoclinic and T = Triclinic with regards to the phase % of each formed.  A change in structure is observed on selenate doping for M=Fe, Co, Cu.
 This change in structure is also observed on fluorophosphate doping for M=Co, Cu, with very low fluorophosphate levels (5mol% doping) causing the structural change. 
